deformities have now been recorded in dozens of species of birds across multiple continents.
4
Despite this, the etiology of AKD has remained elusive, making it difficult to assess the impacts 2 5 of this disease on wild populations. We previously identified an association between infection 2 6 with a novel picornavirus, Poecivirus, and AKD in a small cohort of black-capped chickadees. To test if the association between Poecivirus and AKD holds in a lager study population, we 2 9 used targeted PCR followed by Sanger sequencing to screen 124 symptomatic and asymptomatic 3 0 black-capped chickadees for Poecivirus infection. We further compared the efficacy of multiple 1 3 2 affected by AKD were collected opportunistically between 1995 and 2010 and stored frozen at -1 3 3 20°C; tissues from a subset of these individuals were used as negative controls in the gene 1 3 4 expression assay measuring viral replication. Of the tissue samples collected from our previous 1 3 5 study, we had adequate samples remaining from fifteen individuals that tested positive for 1 3 6
Poecivirus; of these 14 exhibited AKD, and one was asymptomatic. All work was conducted with the approval of the U. S. Geological Survey (USGS) 1 3 8
Alaska Science Center Institutional Animal Care and Use Committee (Assurance #2016-14) and under appropriate state and federal permits. proceeded as described in the manufacturer's protocol. RNA from tissue samples was extracted 1 4 4 using a Zymo quick RNA miniprep kit as previously described [7] . Following extraction, 200 ng 1 4 5 of RNA were reverse transcribed in 10 μ l reactions containing 100 pmol random hexamer, 1 Χ 1 4 6 reaction buffer, 5 mM dithiothreitol, 1.25 mM (each) deoxynucleoside triphosphates (dNTPs), 1 4 7 and 100 U Superscript III (Life Technologies); mixtures were incubated at 25°C for 5 min, 42°C 1 4 8 for 60 min, and 70°C for 15 min. Following reverse transcription, cDNA was screened via PCR 1 4 9
using Poecivirus-specific primers (Additional File 1). Samples were initially screened via qPCR 1 5 0 using primers Poeci_7F and Poeci_7R; samples with a positive result via qPCR were than 1 5 1 subjected to PCR using the additional primer pairs to obtain longer amplicons that were Sanger Poecivirus in beak tissue. Beak tissue was collected and stored frozen at -80°C until processed;
Tissue was fixed overnight in 4% paraformaldehyde at room temperature, and then decalcified 1 7 1 for 2.5 weeks in 0.5 mM EDTA at 4°C. Decalcified tissue was frozen in Optimal Cutting with a Nikon Ti-E microscope fitted with a Nikon DS-Ri2 camera. Detection of viral replication. The presence of negative strand virus was evaluated 1 7 9 using the NanoString nCounter TM Elements system (NanoString, Seattle, WA) gene expression 1 8 0 assay. Eight oligonucleotide probes were designed to target negative strand virus evenly 1 8 1 distributed across the viral genome, 2 oligonucleotide probes were designed to target positive 1 8 2 strand virus, and an additional 2 oligonucleotide probes were designed to target a BCCH hybridized with Tagsets (NanoString) and oligonucleotide probes at 65ºC for 16 hours and the 1 8 8 excess probes were washed away; in addition, a water negative control was run in one lane, and 1 8 9 positive control RNA was run in each of four lanes, with 100, 1,000, 10,000, or 100,000 copies 1 9 0 1 0 of target RNA added to control lanes 1−4, respectively. The digital counts were captured by 1 9 1 nCounter Digital Analyzer and the data were analyzed by nSolver Analysis Software 1 9 2 (NanoString). Following standard NanoString analysis methods, individuals were considered to 1 9 3 have a positive result for any single probe if that probe exhibited levels 2 standard deviations or 1 9 4 greater above that of negative controls. We used linear regression to test for a relationship were conducted using JMP 7.0.1 by SAS (SAS Institute Inc., Cary, NC). Among the BCCH with AKD, 28/29 (96.6%) tested positive via cloacal swab. In one of these having tested negative via cloacal swab (Table 1) . Among the asymptomatic control information on the presence of Poecivirus in individuals without apparent beak deformities. Individuals with AKD were significantly more likely to be infected with Poecivirus than expected by chance if we consider the swab data from the current study (p < 0.0001, χ 2 = 93.29, 2 2 2 df = 1, N = 124) and when we combine the swab data from the current study with our previous relationship between beak length and viral load in beak tissue (p = 0.026, R 2 adj = 0.28, F = 6.35, 2 2 6 N = 15; Figure 4 ; qPCR threshold cycle for viral detection ranged from 14.3-23.8).
7
We next sought to address the localization of Poecivirus at the site of pathology in AKD- RNAscope in situ hybridization revealed the presence of virus in the stratum germinativum and 2 3 0 the stratum corneum ( Figure 3 ). The same method failed to detect virus in the brain, liver, or 2 3 1 gastrointestinal tract of one of these individuals in which we examined these tissues (data not 2 3 2 shown). replication. To test for the presence of actively replicating virus, we carried out studies to 2 3 5 1 2 directly detect and quantify both negative and positive sense Poecivirus RNAs. We used a total 2 3 6 of 8 probes to detect negative sense virus RNA, 2 probes for positive sense virus RNA, and 2 2 3 7 probes for the BCCH housekeeping gene NADH ND2 ( Figure 5 ). We detected expression of a statistically significant amount of variation in beak length when normalized to average counts 2 5 0 of the BCCH housekeeping gene (NADH ND2), (R 2 adj = 0.013, and R 2 adj <0.0001, 2 5 1 respectively). In this study, we investigated the relationship between Poecivirus and avian keratin 2 5 5 disorder (AKD), a disease characterized by beak deformities that appears to affect a large however, the presence of Poecivirus in significantly more AKD-affected birds than unaffected 2 8 2 individuals suggests either that it is the causative agent of AKD or that AKD promotes or Poecivirus is an avian virus is consistent with phylogenetic analysis, which shows that 2 9 4
Poecivirus' closest relatives are the avian megriviruses [7] . In addition, the presence of 2 9 5
Poecivirus in beak tissue, but not other tissues (brain, liver, gastrointestinal tract), is in keeping
with the focal pathology of AKD, which primarily affects beak tissue. Moreover, the localization 2 9 7
of Poecivirus in the stratum germinativum, the layer of the beak that gives rise to keratin cells, is 2 9 8 consistent with the pathology of AKD, which is characterized by overgrowth of the keratin layer 2 9 9 of the beak. Our previous study detected low levels of virus in brain, liver, and gastrointestinal 3 0 0 tract; however, it is possible that the virus was present in these tissues incidentally and was not 3 0 1 actively replicating. The gene expression data presented here indicate that Poecivirus is actively replicating in individuals tested (11/11) strongly suggests that Poecivirus was actively replicating in these 3 0 9
individuals.
3 1 0
Our data suggest that field studies of Poecivirus and AKD would benefit by combining neither of these sample types showed promise for Poecivirus detection; this could be the result of PCR inhibitors known to be present in both feces and blood [23]. understand the impact of this disease on avian populations worldwide. Ethics approval and consent to participate: All work was conducted with the approval of the U. Committee (Assurance #2016-14) and under appropriate state and federal permits. Availability of data and material: The datasets generated and/or analyzed during the current Competing interests: The authors declare that they have no competing interests. The funders had no role in study design, data collection and interpretation, or the decision 3 5 7
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for descriptive purposes only and does not imply endorsement by the U. S. Government. the project, supervised its execution and participated in revising the manuscript. Acknowledgments: We thank Hannah Retallack, Christopher Liverman, and Caleigh Mandel- Lisa Pajot, Rachel Richardson, and numerous volunteers for assistance with sample collections. highlighted in blue and those testing positive for Poecivirus are in orange. Note that the x-axis is 3 8 0 not to scale (beak lengths for which we had no individual data are excluded from the graph). the arrow pointing to the later beak measurement. infected BCCH individuals were measured by qRT-PCR. Levels were normalized to levels of 3 9 6 0 avian cellular RNA. Individuals with AKD are represented by grey diamonds, the single 3 9 7 asymptomatic individual is shown in black. Asymptomatic control 9/95 (9.5%) 5/95 (5.3%) 4/75 (5.3%) NA NA Table 1 : Efficacy of different non-terminal sampling methods for detecting Poecivirus in blackcapped chickadees (Poecile atricapillus) exhibiting signs of avian keratin disorder (AKDaffected) and in asymptomatic controls. NA = not applicable.
